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Abstract. The appearance of quark matter in the core of hybrid stars is a fundamental issue
in such compact stars. The central density of these stars is sufficiently high such that nuclear
matter undergoes a further change into other exotic phases that consist of hyperons and quarks.
However, the equation of state (EOS) for the high-density matter is still not clear and several
recent observations have indicated the limitations of the EOSs; theoretical studies should try to
elucidate the EOSs. It is believed that the inner regions of the stars should consist of a mixed
hadron-quark phase. We study the mixed hadron-quark phase, taking into account finite-size
effects, and find that that the mixed phase should be restricted to a narrower region. Therefore,
a quark matter phase should appear in the central region.
1. Introduction
Currently accepted theories and many experimental results suggest that hadronic matter changes
to quark matter in high-density and/or high-temperature regimes by way of the deconfinement
transition. The properties of quark matter have been actively studied theoretically in terms of
the quark–gluon plasma, color superconductivity [1, 2], magnetism [3, 4], and experimentally in
terms of relativistic heavy-ion collisions [5], and early-universe studies and compact stars [6, 7].
Such studies are continuing to provide exciting results [8]. Presently, we consider that compact
stars consist of not only nuclear matter but also other matter such as hyperons and quarks. We
call such stars hybrid stars.
Because many theoretical calculations have suggested that the deconfinement transition is of
the first order at low temperature and high density [9, 10], we assume that it is a first-order
phase transition here. The Gibbs condition [11] then gives rise to various structured mixed
phases (SMPs). The SMPs proposed by Heiselberg et al. [12] and Glenndening and Pei [13]
suggest a crystalline structure for the mixed phase in the cores of hybrid stars. Such structures
are called “droplets”, “rods”, “slabs”, “tubes”, and “bubbles”. We present the equation of state
(EOS) for the mixed phase taking into account the charge screening effect [14] without relying
on any approximations. We investigate the inner structures of these stars [15]. In this paper,
we review the inner structures of hybrid stars and apply our EOS to a stationary rotating star.
2. Formalism and Numerical Results
We use the EOS given in our paper [14], which is presented in our framework. Therefore, our
approach is only briefly explained here. Thermal equilibrium is implicitly achieved at T = 0.
We consider that the hadronic and quark matter and the mixed phase are β stable. We employ
density functional theory (DFT) under the local density approximation [16, 17]. To account
for the confinement, we introduce a sharp boundary between the two phases employing the bag
model [12, 14] with a surface tension parameter σ. The determination of the surface tension
between hadronic and quark matter is a difficult problem. Thus, many authors have treated
the surface tension as a free parameter and have observed its effect [12, 13, 18]; we take the
same approach in this study. To determine the charge screening effect, we also conduct the
calculations without the screening effect. We then apply the EOS derived in our paper [14]
to the Tolman–Oppenheimer–Volkoff (TOV) equation [15]. After that, we apply our EOS to a
stationary rotating star.
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Figure 1. (Color online) Mass–radius relation of stars. The difference between screened and
not screened mixed phases is clearly small.
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Figure 2. (Color online) Structure size
and cell size in the core region of hybrid
stars without screening. The radius is 12.6
km. Thick lines denote R and thin lines
denote RW.
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Figure 3. (Color online) Structure size
and cell size in the core region of hybrid
stars with screening. The mixed phase is
restricted by charge screening. The radius
is 12.9 km.
Figure 1 shows the mass–radius relations of stars with and without screening, using the
Maxwell constructrion, and in the case of pure hadronic matter. There is a slight difference
in the region around the maximum mass. However, as this difference is only about 0.05M⊙, it
is small compared with the total mass of the star. Thus, charge screening does not strongly
affect the bulk properties of the star. On the contrary, we find that the inner structure is
greatly affected by charge screening. Figure 2 shows the inner core region of a hybrid star
without screening. The mixed phase appears in a large part of the star and we hardly see the
quark matter phase. In the case of screening shown in Fig. 3, on the other hand, the mixed
phase region clearly becomes narrow and there is a quark matter phase in the central region
because of charge screening. Our results suggest that quark matter could exist in the inner
regions of compact stars. It is thus possible to attribute the magnetism of compact stars to spin
polarization [19]. Many theoretical studies have used other models for the glitch phenomenon
[20] and gravitational waves [21]. While we cannot simply apply our EOS to studying these
phenomena, it is interesting to compare our results with those of other studies.
Recently, many theoretical studies tried to take into account the effect of rotation [22, 23, 24,
25]. We accordingly also try to take into account the effects of rotation in our study. However,
rotation in general relativity is very difficult. Therefore, we assume: 1. Stationary rigid rotation
(“uniform rotation”); 2. Axial symmetry with respect to the spin axis; and 3. The matter is
a perfect fluid. There is a review of stationary rotation in general relativity [26] and in other
papers [22]; we follow their calculation. Then, we apply our EOS to the stationary rotating
star. Figure 4 shows the result for a rotating star with screening using our EOS. The red curve
shows the maximum mass of the star and the blue curve shows the mass-shedding curve, which
corresponds to the “Kepler frequency”. The Kepler frequency occurs when the centrifugal force
is equal to gravity. Therefore, the right-hand side of the blue curve is not valid. If the red curve
is lower than the observations, the EOS should be ruled out. Fortunately, our EOS is consistent
with these observations. We see an important relation between radius and rotation. Ordinarily,
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Figure 4. (Color online) Mass–
frequency relation with our model (charge
screening) plotted against the observational
data listed in [22].
500 1000
f [Hz]
5
10
15
20
R
[k
m
]
observations
preliminary
Req
Rp
Figure 5. (Color online) Radius–
frequency relation of our model plotted
against observational data (SAXJ1808.4-
3658 and 4U1608-52).
the “radius” of the star is single-valued because we consider that the star is spherical. However,
if the star is rapidly rotating, we have to pay attention to the different “radii”. Because of
the effect of the rotation, a star deforms from a sphere to an ellipse. Therefore, we introduce
two values, Req and Rp, which are the “equatorial radius” and the “polar radius”, respectively.
Figure 5 shows Req and Rp with respect to rotation. If the rotation rate is 400 Hz or faster,
the two radii are different. Therefore, we have to note the effects of rotation on rapidly rotating
stars.
3. Summary and Concluding Remarks
In this study, we demonstrated how charge screening affects the hadron–quark mixed phase in
the cores of hybrid stars, taking into account rotation effects. We found that the inner structures
are strongly affected. In particular, a core consisting of quark matter could appear due to the
charge screening effect. Another case, kaon condensation, has been studied [27] and the results
are similar to those of our papers [14, 28]. We used a simple model for quark matter and nuclear
matter. To obtain a more realistic picture of the hadron–quark phase transition, we need to
take into account color superconductivity [1, 18] and the relativistic mean field theory [29]. We
will then be able to provide more realistic results. Neutron stars have other important physics
– magnetic fields. However, the origin of these magnetic fields is still unknown. There are ways
to explain magnetic fields based on the spin-polarization of the quark matter [4, 19]. However,
whether the quark matter exists or not strongly depends on the EOS. In this calculation, we
did not take into account magnetic fields. If we include a magnetic field, the resluts are very
interesting with respect to the rotation of the star.
Acknowledgments
This work was supported in part by the Principal Grant of the Kagawa National College of
Technology.
References
[1] As resent reviews, M. Alford, A. Schmitt, K. Rajagopal and T. Scha¨fer, Rev. Mord. Phys. 80 (2008) 1455.
[2] M. Alford and S. Reddy, Phys. Rev. D 67 (2003) 074024.
[3] T. Tatsumi, T. Maruyama and E. Nakano, Prog. Theor. Phys. Suppl. 153 (2004) 190.
[4] T. Tatsumi, Phys. Lett. B 489 (2000) 280.
[5] K. Adcox et al. (PHENIX collaboration), Phys. Rev. Lett. 88 (2002) 022301; C. Adler et al. (STAR
collaboration), Phys. Rev. Lett. 90 (2003) 082302.
[6] J. Madsen, Lect. Notes Phys. 516 (1999) 162.
[7] K. S. Cheng, Z. G. Dai and T. Lu, Int. Mod. Phys. D 7 (1998) 139.
[8] D. H. Rischke, Prog. Part. Nucl. Phys. 52 (2004) 197.
[9] R. D. Pisalski and F. Wilczek, Phys. Rev. Lett. 29 (1984) 338.
[10] R. V. Gavai, J. Potvin and S. Sanielevici, Phys. Rev. Lett. 58 (1987) 2519.
[11] N. K. Glendenning, Phys. Rev. D 46 (1992) 1274; Phys. Rep. 342 (2001) 393.
[12] H. Heiselberg, C. J. Pethick and E. F. Staubo, Phys. Rev. Lett. 70 (1993) 1355.
[13] N. K. Glendenning and S. Pei, Phys. Rev. C 52 (1995) 2250.
[14] T. Endo, Toshiki Maruyama, S. Chiba and T. Tatsumi, Prog. Theor. Phys. 115 (2006) 337.
[15] T. Endo, Phys. Rev. C 83 (2011) 068801.
[16] R. G. Parr and W. Yang, Density-Functional Theory of atoms and molecules, Oxford Univ. Press, 1989.
[17] E. K. U. Gross and R. M. Dreizler, Density functional theory, (Plenum Press, 1995).
[18] M. Alford, K. Rajagopal, S. Reddy, and F. Wilczek, Phys. Rev. D 64 (2001) 074017.
[19] T. Tatsumi, arXiv:1107.0807[hep-ph].
[20] M. Bejger, P. Haensel and J. L. Zdunik, Mon. Not. Roy. Astron. Soc. 359 (2005) 699.
[21] G. Minuitti, J. A. Pons, E. Berti, L. Gualtieri and V. Ferrari, Mon. Not. Roy. Astron. Soc. 338 (2003) 389.
[22] A. Kurkela, P. Romatschke, A. Vuorinen and B. Wu, arXiv:1006.4062[astro-ph.HE].
[23] M. Orsaria, H. Rodrigues, F. Weber and G. A. Contrera, Phys. Rev. D 87 (2013) 023001.
[24] F. Weber, M. Orsaria, R. Negreiros, arXiv:1307.1103[astro-ph.SR].
[25] R. Belvedere, K. Boshkayev, J. A. Rueda, and R. Ruffini, arXiv:1307.2836[astro-ph.SR].
[26] N. Stergioulas, J. L. Friedman, Astrophys. J 444 (1995) 306.
[27] Toshiki Maruyama, T. Tatsumi, D. N. Voskresensky, T. Tanigawa, T. Endo and S. Chiba, Phys. Rev. C 73
(2006) 035802; nucl-th/0505063.
[28] Toshiki Maruyama, T. Tatsumi, T. Endo and S. Chiba, Recent Res. Devel. Phys. 7 (2006) 1; nucl-th/0605075.
[29] H. Shen, H. Toki, K. Oyamatsu and K. Sumiyoshi, Nucl. Phys. A 637 (1998) 435.
